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Abstract. Regions of upper tropospheric equatorial west- 
erly winds, observed over the Pacific and Atlantic Oceans 
during northern fall to spring, are important for extratropical- 
tropical interactions. This paper focuses on one feature of 
these "westerly ducts" that has received relatively little at- 
tention to date: the occurrence of Rossby wave breaking 
events that transport tongues of extratropical air deep into 
the tropics, mix tropical and subtropical air, and can affect 
deep convection. A climatology of these "intrusion" events 
formed from 20 years of meteorological analyses shows a 
strong dependence on the basic-state flow. Notably, in- 
trusion events are found to occur almost exclusively within 
westerly ducts, with more events in the presence of stronger 
equatorial westerlies. It is also found that there is strong in- 
terannual variability in the frequency of Pacific events, with 
fewer events during the warm phases of ENSO (consistent 
with the changes in the basic flow). Since these intrusion 
events laterally mix trace constituents and have been linked 
to tropical convection, their spatial and temporal variabil- 
ity may cause related variability in the distribution of trace 
constituents and tropical convection. 
Introduction 
A well-known climatological feature of the upper tro- 
posphere (UT) during northern fall through spring is the 
existence of regions of equatorial westerlies over the Pa- 
cific and Atlantic Oceans. These "westerly ducts" are im- 
portant for extratropical-tropical interactions. In the lin- 
ear regime, Rossby waves are able to propagate through 
westerlies, and thus westerly ducts are preferred locations 
for cross-equatorial wave propagation [Webster and Holton, 
1982; Tomas and Webster, 1994; Yang and Hoskins, 1996]. 
By contrast, when Rossby waves are of sufficiently large am- 
plitude "wave breaking" [Mcintyre and Palmer, 1983] may 
occur within the westerlies, resulting in reduced meridional 
propagation and mixing within equatorial regions [ Waugh et 
al., 1994; Brunet and Haynes, 1996]. Evidence for this wave 
breaking can be seen in maps of potential vorticity (PV) 
from meteorological analyses, of which an example is given 
in Figure 1 (see also Kiladis and Weickmann [1992], Tomas 
and Webster [1994], Numaguti [1995]). 
In Figures l b-ld a disturbance can be seen propagat- 
ing along the tropopause and subsequently compressing 
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zonally and amplifying meridionally as it enters the weak 
zonal winds north of the Pacific westerly duct (see Figure 
la). This leads to the generation of a thin tongue of high 
PV intruding into the tropics (Figure le), that lasts 2 days. 
As this intrusion decays, another event can be seen begin- 
ning upstream (Figure If, 220øE). Intrusion events which 
transport stratospheric air deep into the tropical UT, such 
as the one presented here, are special cases of the more gen- 
eral wave breaking events along the subtropical tropopause 
examined by Postel • Hitchman [1999]. 
Because of their penetration deep into the tropics, intru- 
sion events can potentially have a large impact on the UT 
distribution of trace constituents. These intrusions may mix 
stratospheric air, with low water vapor and high ozone, into 
the tropical UT. Also, the anticyclonic circulation upstream 
of the intruded tongue can result in the transport of moist 
air from equatorial regions into the dry subtropics [Pierre- 
humbert, 1998]. Furthermore, layers of dry air measured in 
the tropical Pacific during the TOGA-COARE field cam- 
paign have been linked to subtropical Rossby wave breaking 
events[Yoneyama nd Parsons, 1999]. Intrusion events can 
also been seen in TOMS total ozone images (P. Newman, 
person. comm.), and may contribute to the observed in- 
crease in ozone below tropical tropospause [Folkins et al., 
1999]. Finally, beyond lateral mixing, intrusions of high PV 
into the tropics have been linked with deep convection in 
the tropical central and eastern Pacific [Kiladis and Weick- 
mann, 1992; Kiladis, 1998]. 
Although previous studies have noted the occurrence of 
intrusion events, a detailed analysis of their frequency is 
still missing. We thus present here a 20-year climatology of 
UT intrusions, and examine both the spatial and temporal 
variations of these events (and the background flow). 
Data and Analysis 
NCEP/NCAR reanalyses [Kalnay et al., 1996] from 1980 
to 1999 are used to examine the structure and occurrence 
of intrusions of stratospheric air into the tropical upper tro- 
posphere. PV on the 350 K isentropic surface (-0200 hPa 
in the tropics) is used to define the events and to view the 
accompanying propagation and breaking of Rossby waves, 
while time-averaged zonal wind fields are used to examine 
the basic flow field. Intrusion events are defined by first iden- 
tifying high values of PV ([PV I > 2 PVU; 1PVU = 10 -6 
Ks2/kg) at 10øN or 10øS. All such occurrences within 10 ø 
longitude or within 6 days (the typical lifetime for events) 
are then grouped together as a single intrusion event. Each 
event is labeled by the first day and western-most longitude. 
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Figure 1. (a) zonal wind averaged between January 16 and February 14, 1997 (contour interval 10 m/s; negative values haded). 
(b-f) PV on January 26 to February 1, 1997 (PV -- (-5, -4, ..., 5) PVU contoured, with IPVI • 2 PVU shaded). All fields are on the 
350 K isentrope. 
Finally, events which involve only small isolated regions of 
high PV in the tropics are removed, to prevent blobs of high 
PV that are not immediately connected to a wave breaking 
event from been counted. To test the robustness of the cli- 
matology presented below, the analysis was repeated using 
1.75 PVU as the critical value of PV, and the results were 
found to be very similar to those presented in this paper 
except for a slightly greater number of events. 
Results 
Figure 2 shows the resulting climatology of intrusion 
torial westerlies, and also a stronger subtropical jet, in the 
Pacific, see curve in Figure 2c. The impact of ENSO on 
the Pacific UT flow and equatorward propagation of Rossby 
wave activity has been noted in previous studies [Tomas and 
Webster, 1994; Matthews and Kiladis, 1999]. The intrusion 
event climatology further suggests that ENSO impacts the 
lateral transport of tracers into and within the tropics. 
Figure 2 shows that the spatial and temporal variations 
in the occurrence of intrusion events is similar in the north- 
ern and southern hemispheres. Furthermore, northern and 
southern intrusions often occur simultaneously; for a third 
of the NH events identified there is also a SH event in the 
events (vertical bars, with northern hemisphere events haded) same region. In Figure 1, for instance, the tip of a tongue 
together with the equatorial zonal winds (curves). The 
events occur predominantly during northern winter (Figure 
2a) and over the Pacific (180 ø- 260øE) and Atlantic (310 ø- 
360øE) oceans, with events more frequent in the Pacific re- 
gion (Figure 2b). Comparing the event frequency with the 
climatological equatorial zonal winds confirms the relation- 
ship between the occurrence of intrusion events and equa- 
torial westerlies; the latter are present over the Pacific and 
Atlantic oceans during northern fall through spring, but not 
during summer. It should also be noted that there are si- 
multaneous variations in the strength of the subtropical jet, 
with stronger diffiuence in the jet exit region in the presence 
of stronger equatorial westerlies. 
Figures 2c and 2d show that there is a large interan- 
nual variability associated with intrusion events, particu- 
larly within the Pacific. The variability of Pacific events 
is strongly correlated with the phase of ENSO (correlation 
coefficient of-0.84 with the Nino 3.4 index), with fewer in- 
trusion events in the warm phase (1982/83 and 1997/98 win- 
ters) than in the cold phase (1988/89 and 1998/99). This 
interannual variability is also consistent with changes in the 
zonal wind: During the warm phase there are weaker equa- 
of low PV Can be seen in southern tropics just west of the 
northern hemisphere tongue (Figures ld and le) (see also 
Figure 2 of Tomas and Webster [1994]). 
It is worth remarking that the seasonal variation of intru- 
sion events in the NH climatology presented here is opposite 
to the one found by Postel and Hitchman [1999]. This is be- 
cause their criteria were chosen to identify all wave break- 
ing events on the subtropical tropopause, whereas our cri- 
teria are chosen to capture only those wave breaking events 
which transport stratospheric air directly into the deep trop- 
ics. Therefore, although the northern summer subtropical 
tropopause is more disturbed and exhibits more wave break- 
ing than the winter tropopause [Postel and Hitchman, 1999], 
wave breaking events that transport high-PV air directly 
into the deep tropics occur predominantly during northern 
winter (when there are equatorial westerlies). 
ß Finally, we note that the PV evolution during the ma- 
jority of the intrusion events identified in our climatology is 
remarkably similar to that shown in Figure 1, with the dis- 
turbance amplification and wave breaking occuring in the jet 
exit region poleward of the equatorial westerlies. This is con- 
sistent with idealized modeling studies [Nakamura, 1994; Pc- 
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Figure 2. Histograms howing the number of intrusion events per (a) month, (b) longitude, and (c, d) year (NDJFM winter) for 
Pacific and Atlantic events, respectively. Note that in (c) and (d) "80" corresponds to the 1979/80 winter. The solid (untilled) bars 
show northern (southern) hemisphere events. Curves correspond to climatological equatorial zonal winds at 350 K: (a) solid (dashed) 
curve is average over the Pacific (Atlantic) ocean, (b) DJF average, (c) average over Pacific, and (d) average over Atlantic. 
ters and Waugh, 1996; Swanson et al., 1997]. Furthermore, 
examination of PV on other isentropes shows that these 
events transport extratropical air into the tropics in the mid- 
dle troposphere (320K) and in the lower stratosphere (390- 
410K). Therefore, these intrusions may impact the moisture 
in the tropical middle and lower troposphere (and hence ra- 
diative balance and convection) as well the transport of air 
into the tropical stratosphere (see also [Horinouchi et al., 
2000]). 
butions. This will require a detailed analysis of the three 
dimensional flow during the events, including analysis of the 
fine-scale transport. Such an analysis is currently underway. 
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Concluding Remarks 
Intrusion events associated with Rossby wave breaking 
on the subtropical tropopause produce meridional transport 
of trace constituents, and also have been linked to tropical 
convection. It is thus plausible that the spatial and tempo- 
ral variations in their frequency, which we have presented 
above, may cause similar variations in the distribution of 
trace constituents and convection. For example, the ENSO- 
related variability in Pacific intrusions may contribute to the 
observed variability in tropospheric moisture over the trop- 
ical eastern Pacific during ENSO events [Bates et al., 1996; 
Newell et al., 1997]. Another interesting possibility is that 
the modulation of intrusion frequency by changes in the ba- 
sic state may play some role in the water vapor feedback 
on climate. Changes in the upper tropospheric flow caused 
by climate change (e.g., frequency and intensity of ENSO 
events) may result in changes in the frequency of intrusions 
and, through changes in water vapor transport, subtropical 
moisture and climate [Pierrehumbert, 2000]. 
To test the above hypotheses it will be necessary to quan- 
tify the impact of the intrusion events on the tracer distri- 
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